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The ASME AG-1 Code specifies minimum rated airflow based on standard cubic feet per
minute (SCFM) for axial high efficiency particulate air (HEPA) filters and actual cubic feet per
minute (ACFM) for radial HEPA filters. This study illustrates the variation in filter efficiency of
axial HEPA filters subjected to ACFM and SCFM flow conditions. The filter test matrix consists
of axial HEPA filters rated at 1,000 and 1,500 CFM with varying filter pack types. Each filter is
subjected to pressures from 14.70 psi to 11.25 psi, temperatures of 70°F to 170°F, and relative
humidities of 50% to 90%. Evaluation of the effects of designating ACFM or SCFM are based
upon the filter efficiencies of generated Dioctyl Phthalate (DOP) particles at a diameter of 0.3
micrometers. A correlation model is developed to convert filter efficiency and pressure drop at
elevated conditions to those of standard pressure, relative humidity, and temperature.
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CHAPTER I
INTRODUCTION
The objective of this project is to develop a series of procedures to evaluate the changes
in efficiency based on environmental conditions and generate experimental data that will
document the error when using either standard. Another objective of this project is to provide
enough experimental data for developing a correlation model for HEPA filter performance
between standard and actual environmental conditions. Currently, the AG-1 Code is internally
inconsistent in the use of standard cubic feet per second flow rates (SCFM) or actual cubic feet
per second flow rates (ACFM) when designating the flow rate through HEPA filters [1]. A panel
discussion was held at the 29th Nuclear Air Cleaning Conference, but the issue was not resolved.
Available studies show that both the ACFM and SCFM standards yield errors when holding
either parameter constant at different temperature and pressure conditions. The ACFM standard,
however, yields lower errors than the SCFM standard. In addition, there are no corrections
available for either standard when correlating filter efficiency and pressure drop for temperature
and pressure effects.
Two sections within the AG-1 code are referenced within this document including section
FC for axial flow filters and section FK for radial flow filters. Each section contains a table of
minimum rated airflow and corresponding maximum resistance for ideal operating conditions.
Section FC uses SCFM when listing the minimum rated airflow across the filter for varying filter
sizes, Table 1.1, while Section FK lists maximum rated airflows in terms of ACFM, Table 1.2.
1

Table 1.1

FC-4110-1 Nominal Sizes and Rating

Table 1.2

FK-4111-1 Type 1 Radial Flow HEPA Filter – Nominal Rating

Since inconsistencies are present in this standard, the method in determining the
allowable operating efficiency of a filter is unclear and could cause filters to underperform due to
an increase in filter face velocity. The AG-1 standard calls for a maximum filter face velocity of
5 fpm and a minimum filter efficiency of 99.97% with respect to the most penetrating particle
size of 0.27μm. Controlling airflow through a filter based on standard conditions could cause the
face velocity to increase, under certain conditions, causing the filter to decrease in filter
efficiency.
The filters under evaluation in this study include two types of axial flow HEPA filters:
C-pack and U-pack. Each filter type features a single piece of pleated filter media that fills the
2

face area of the filter. The U-pack filter features a corrugated metal sheet that separates each
pleat in the filter media. This provides stability to the filter housing and decreases the face
velocity through the filter which increases the maximum allowable volumetric airflow. The filter
testing matrix consists of three filter manufacturers: Camfil, Flanders, and American Air. Each
manufacturer supplied a total of six filters, three C-pack and three U-pack filters, resulting in a
total of 18 filter samples.
1.1

Objectives
The objective of this project is to develop a testing procedure under the NQA-1 standard

using the axial flow large scale test stand (ALSTS) at the Institute of Clean Energy Technology
(ICET) to repeat filter efficiency tests under varying atmospheric conditions. The major
objectives for this study include:
•

Develop a diluter characterization procedure for varying atmospheric pressure.

•

Develop a filter efficiency testing procedure for varying atmospheric pressure,
temperature, and relative humidity.
o Make necessary changes to the ALSTS to allow elevated testing conditions.

•

Collect and analyze data to determine how certain environmental conditions effect filter
performance.

•

Determine how actual volumetric flow rate varies with respect to standard volumetric
flow rate under varying atmospheric conditions.

3

CHAPTER II
BACKGROUND OF HEPA FILTER PERFORMANCE UNDER ELEVATED CONDITIONS
Maintaining high filter efficiency standards when dealing with contaminated air particles
is important for the safety of the environment. Since the AG-1 code does not specify a consistent
method of volumetric flowrate measurements, variations in environmental conditions may cause
the filter to underperform and potentially contaminate the surrounding area. To fully understand
the positive and negative effects that environmental conditions have on filter performance, one
must understand how the filter captures the contaminated particles and how filter face velocity
affects the filter performance.
The AG-1 code requires a minimum filter efficiency of 99.97% at the 0.27μm diameter
particle. The Aerosol Technology book, written by William C. Hinds, contains detailed
information on each aerosol capture mechanism and how these capture mechanisms change
under varying operating conditions. The text includes the five basic single fiber capture
mechanisms: interception, inertial impaction, diffusion, gravitational settling, and electrostatic
attraction [2]. Understanding what capture mechanism effects the 0.27μm particle is important
when analyzing the filter efficiency to determine why the performance changes. Based on Figure
2.1, the two capture mechanisms for the 0.27μm particle are interception and diffusion [2].

4

Figure 2.1

Filter Efficiency vs. Face Velocity for Varying Particle Diameters

The flow across the filter fibers, in each of these cases, is assumed to be laminar. For a
filter to capture a particle through interception, the particle must come within one particle radius
of the fiber surface. In this case, the particle will travel along a single gas streamline. As the
streamline is distorted by the flow around the filter fiber, the particle will continue moving as
long as this altered path does not cause the particle to meet the fiber. This method of capture is
the only mechanism that the particle does not transition from one streamline to another [2].
Impaction is similar to interception, but the particle does not continue following the
original gas streamline. As the gas streamline bends around the filter, the particle’s inertia causes
the particle to continue its original trajectory and impact the fiber. Since this capture mechanism
is governed by inertia, a particle with a larger diameter or density is more likely to be captured.
With higher flowrates, the gas streamlines will change direction around the fiber more abruptly
which also increases the chances of impaction. Also, smaller fiber diameters increase impaction
5

efficiency since the gas stream lines that come into contact with the fiber must abruptly change
flow direction [2].
Capture by diffusion is caused by Brownian motion of small particles. Brownian motion
is when a particle does not follow a single streamline and constantly changes direction. This
motion increases the likelihood of capturing smaller particles. The single-fiber efficiency is
governed by the dimensionless Peclet number (Pe). The Peclet number is composed of the filter
diameter (df), flow velocity (Uo), and diffusion coefficient (D).
𝑃𝑒 =

𝑑𝑓 ∗ 𝑈𝑜
𝐷

(2.1)

The single-fiber efficiency due to diffusion is:
𝐸𝐷 = 2 ∗ 𝑃𝑒 −2/3

(2.2)

These equations show that the filter efficiency will increase as the diffusion coefficient
increases. Alternatively, providing a higher flow velocity will cause the diffusion coefficient to
decrease. The Stokes-Einstein expression is used to determine the diffusion coefficient. This
expression determines the amount of fluid drag the particle has based on gas properties [3].
𝐷=

𝑘 ∗ 𝑇 ∗ 𝐶𝑐
3 ∗ 𝜋 ∗ 𝜇 ∗ 𝑑𝑝

(2.3)

Where k is Boltzmann’s constant, T is the absolute temperature, Cc is the slip correction factor
for small particles, μ is the dynamic viscosity of air, and dp is the particle diameter.
Based on the equation above, the diffusion coefficient would increase with temperature
causing the filter efficiency to increase. The filter efficiency would also decrease as the flow
velocity increases.
A study was conducted by Dr. Heejin Cho and Dr. Charles A. Waggoner to determine
how volumetric flow varies when conditions are assumed to be standard versus actual [4]. The
6

first set of data shows ACFM and SCFM equal at approximately 39% relative humidity and
64°F, which is expected since these conditions are close to standard, Figure 2.2.

Figure 2.2

Actual vs. Standard Volumetric Flow Rates as Temperature Increases

Next, the air temperature is gradually increased to 169°F which decreases the relative
humidity to 8%. As temperature increases, the two volumetric flow measurements begin to
diverge. Once temperature reaches steady state, the ACFM value is approximately 300 cfm
higher compared to the SCFM value. If the flowrate through a filter is based on SCFM, this
variation from actual flow conditions would cause an increase in flow velocity through the filter
resulting in a decrease in diffusion efficiency.

7

Another test was conducted to illustrate how both relative humidity and temperature
effect the variation in volumetric flow while maintaining a constant SCFM, Figure 2.3 [4].

Figure 2.3

Actual Volumetric Flow Rates (ACFM) Corresponding to 2000 SCFM at Various
RH and Temperature Conditions

At temperatures below 100°F, variations in relative humidity show little to no difference
at temperature increase. As temperature is increased further, increasing relative humidity causes
the slope of the ACFM curve to increase. Since the density of air under standard conditions is
significantly high when compared to 200°F and 90% RH, controlling airflow based on 2,000
SCFM drastically increased the actual volumetric flowrate through the filter.

8

Another study was conducted by Osaki and Kanagawa to understand how filter
performance and pressure drop vary under different operating conditions [5]. In this case, the
study focused on temperature and relative humidity effects. Instead of calculating the filter
efficiency of the most penetrating particle alone, this study focuses on the decontamination factor
(DF) of the full spectrum of particle sizes. The decontamination factor is defined as the ratio of
particles captured by the filter to each particle that passes through the filter. Similar to the testing
conducted at ICET, dioctyl phthalate (DOP) is used for collected filter efficiency data for
elevated humidity testing. For the elevated temperature testing, a sodium chloride aerosol was
used in place of dioctyl phthalate. The results of gradually increasing temperature shows an
increase in decontamination factor across all particle diameters, Figure 2.4. It is noted that the
pressure drop across the filter continued to increase with temperature.
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Figure 2.4

Decontamination Factor as a Function of Temperature

This increase in filter performance could be caused by the increase in the diffusion
coefficient from increasing temperature, as previously discussed. The relative humidity test, 90%
to 100% RH, resulted in a maximum of 10% decrease in decontamination factor while the
pressure drop across the filter increased slightly. The results show that each kilogram of water
mist loading causes a 1% increase in filter pressure drop and a 10% decrease in DF. The decrease
in filter performance with increasing relative humidity may be caused by the increase in dynamic
viscosity. Increasing dynamic viscosity without increasing temperature will cause the diffusion
coefficient to decrease. Resulting in a decrease in filter efficiency by diffusion.
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Another study was conducted by Michael Parsons et al. which involved analyzing filter
performance while varying conditions such as relative humidity [6]. During the moisture study, a
single filter was challenged with DOP while adjusting the relative humidity between 15%, 50%,
and 90%. These tests were conducted over a span of three days, and the filters were dried
overnight. Figure 2.5 shows how increasing relative humidity effects the downstream particle
counts.

Figure 2.5

Representative Moisture Failure Test Data

Initially, the downstream particle counts are above zero but decrease as the filter is
loaded with the challenge aerosol. This trend continues as relative humidity increases to 50%,
but the downstream particles significantly increase when the relative humidity is increased to
90%. The downstream particle counts seem to instantly increase as relative humidity approaches
90%.
11

Parsons et al. conclude that relative humidity does have a significant effect on decreasing
filter performance, but these conditions are not typical in service [6]. Unlike the conclusions of
Osaki and Kanagawa, Parsons et al. state that the filter efficiency does fall below 99.97%
efficiency under elevated humidity conditions, but drying the filter causes the filter to return to
the original performance. After analyzing the results in Figure 2.5, between each day of testing,
the initial number of particles downstream at 15% relative humidity increases. Similarly, the
downstream particle counts at 90% relative humidity increase each time this test point is achieve.
Although the filter eventually decreases the number of downstream particles when the filter is
loaded, the overall performance of the filter decreases between each day.

12

CHAPTER III
TEST STAND DESCRIPTION
3.1

Axial Flow Large-Scale HEPA Filter Test Stand (ALSTS)
The ALSTS was initially designed to test filters under maximum flow conditions of 1,500

cfm, 170°F, and 90% relative humidity. Air is moved through the test stand at a maximum of
1500 scfm with a maximum of 100 inWC pressure differential due to the Spencer Turbine
blower. With the previous design, the test stand was not capable of controlling the pressure and
the minimum temperature is limited by the environmental temperature. Alterations were made to
the ALSTS to increase and decrease duct pressure and decrease duct temperature lower than
atmospheric conditions. A recirculation section was also added to decrease the amount of time to
reach test conditions.
The test stand consists of three sections: the duct inlet of 24” by 24” square duct, a 24”
diameter schedule 10, 304L stainless steel pipe, and an 8” diameter schedule 40, 304 stainless
steel exhaust. The square duct contains a pre-filter, 80 kW duct heater, and a steam injection
valve. The main section of the test stand is the 24” diameter pipe and contains the aerosol
generator, particle sampling train, filter housing, and venturi meter. The 8” exhaust pipe section
contains a blower that is capable of reaching 1500 scfm at a maximum of 170°F and 100 inWC
of pressure differential, Figure 3.1.
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Figure 3.1

ALSTS Design with Recirculation
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3.1.1

Pressure Plate
The pressure plate consists of an 8” butterfly valve attached to an actuator to control the

percentage of flow area. This design does not include a linear pressure adjustment, so minor
adjustments in flow area at lower duct pressure produce large fluctuations in pressure. The
actuator allows the testing personnel to control the pressure using the hand crank on the actuator
or using an input-based software to adjust valve position. The holes in the pressure plate are
present to distribute the flow area over a larger area to reduce chances of creating a single jet
stream at lower duct pressures, Figure 3.2.

Figure 3.2

3.1.2

Pressure Plate with Actuator Valve and 8” Butterfly Valve

Pre-Filter
When the inlet of the test stand is open to the environment, particles carried by the air,

such as pollen, enter the test stand and skew the particle counts upstream. To decrease the
15

number of background particles, a 24”x24”x11.5” HEPA filter is installed approximately two
feet downstream of the pressure plate. Although the particles from the environment are not the
same size as the particles produced by the aerosol generator, the environmental particles will
significantly increase the number of particles upstream. This results in a decrease in the
maximum allowable aerosol generation to avoid overloading the LAS.
3.1.3

Chilled Water Heat Exchanger / In-duct Heating Element
The air temperature is capable of reaching the maximum test point of 150°F with the use

of the LDH80SX5S 80 kW duct heater, Figure 3.3 [7]. This heater has a recommended operating
sheath temperature range of -20°F to 1200°F, but the current temperature probe has a maximum
temperature reading of 212°F. In order to maintain a constant elevated temperature downstream,
the air temperature at the heater must be within the constraints of the temperature sensor.

Figure 3.3

ALSTS Duct Heater (LDH80SX5S)

Ambient temperatures typically do not reach below 70°F in Starkville, MS, so a cooling
coil must be installed to reach the lower temperature test point. The coil sizing calculations are
included in APPENDIX B where an ambient temperature of 110°F was used for the worst-case
16

scenario. Through the calculations, the capacity of the coil must be 12.6 tons and must provide
enough cooling capacity, 0.782 tons, to maintain the necessary operating conditions. A 24”x24”
flat fin crossflow heat exchanger was selected for the test stand, and three of these coils were
installed in parallel upstream of the heating element, Figure 3.4. The water passing through the
coil is supplied by a chiller with a minimum water temperature of 50°F and a flow rate of 5
gallons per minute.

Figure 3.4

3.1.4

ALSTS Cold Water Heat Exchanger

Steam Injection Valve / Boiler
Relative humidity is controlled using an actuator valve linked to a boiler to inject steam

into the test stand. The boiler is activated prior to testing to allow the pressure to build to
approximately 100 psi. Once this pressure is achieved, steam injection can be initiated. The
amount of steam injected into the test stand is controlled by the Schubert & Salzer Type 8020
17

actuator controlled sliding disc valve, Figure 3.5 [8]. The amount of fluid passing through the
valve is controlled by a rotating slotted disc. As the disc continues to rotate, the slots begin to
align on the valve plate, which also features similar slots, allowing more fluid to flow through
the valve.

Figure 3.5

3.1.5

Schubert & Salzer Type 8020 Sliding Disc Valve

TSI Model 9306A Six-Jet Atomizer
The TSI model 9306A six-jet atomizer is used to generate the aerosol concentrations

during diluter characterization testing, Figure 3.6 [9]. This generator features six laskin nozzles
which can be manually activated by a combination of three control valves. Compressed air is
used to pull the liquid through tubes that lead to the laskin nozzle, and the air pressure is
controlled by a pressure regulator. To increase the amount of aerosol generator, the user may
increase the air pressure or increase the number of activated laskin nozzles. The liquid is
aerosolized once it passes through the nozzles, and smaller particles are transported through the
18

aerosol outlet. Larger particles are removed from the aerosol sample by a spherical impactor
located just after the nozzle. These particles then travel back into the liquid reservoir.

Figure 3.6

3.1.6

TSI Model 9306A Six-Jet Atomizer

6-Jet Laskin Nozzle Generator
The aerosol generator selected for testing is the TDA-6C from ATI, Figure 3.7 [10]. This

generator produces a cold poly-dispersed aerosol, which is defined as an aerosol with a wide
range of particle sizes. The number of jets utilized can be changed between 2 and 6 where lower
aerosol concentration cases require fewer jets and vice versa. Compressed air is passed through
the jets to create small bubbles on the surface of the fluid pool within the generator. As the
surface tension of the bubbles breaks, the DOP is aerosolized, travels through the exhaust, and
enters the test stand.

19

Figure 3.7

ATI TDA-6C Aerosol Generator

When decreasing the test stand pressure, air is pulled through the aerosol generator and
causes the DOP to aerosolize when the generator is not operating. To counter this, an exhaust
piece was fabricated with holes to equalize the pressure across the generator. At atmospheric
conditions, all holes on the exhaust are covered while each pressure point requires more holes to
be uncovered, Figure 3.8.

20

Figure 3.8

3.1.7

Exhaust Pipe for Aerosol Generator Pressure Equalization

Venturi
A venturi flow meter is used to calculate the actual volumetric flow rate through the

ALSTS. Since the mass flow rate through the test stand is assumed to be constant, the mass flow
rate calculated at the venturi can also be used to find the ACFM at the location of the test filter.
In order to calculate the mass flow, the density of air must be found using temperature and
pressure sensors across the venturi. Air enters the venturi through an inlet of 7.981 inches and is
compressed through a throat with a diameter of 4.800 inches. This causes a change in air
pressure which is used in the ideal gas equation to calculate the density at the venturi. The
calculations used to determine the mass flow rate through the test stand follow the ASME MFC3M-2004 [11].
3.1.8

Recirculation System
The recirculation system is designed to take exhaust air from the blower and route the air

back to the inlet of the test stand. This decreases the amount of time to reach elevated conditions
21

and decrease fluctuation in temperature and relative humidity readings. The recirculation
ductwork is attached to the exhaust of the blower and split to allow air to exit the test stand if
total recirculation is not necessary. Two 8” butterfly valves are installed on the recirculation
section and exhaust of the fan to allow minor adjustments in airflow. The air then travels back
into the test stand through a pressure plate. As conditions are changed between each test point,
the exhaust valve is adjusted to decrease the amount of back pressure induced by the pressure
plate.
3.1.9

Sampling Train
The sampling train consists of two isokinetic samplers, two desiccant air dryers, a LAS, a

100:1 diluter, and a volumetric flow controller. The aerosol enters the sampling train through two
isokinetic samplers located approximately five feet upstream and twenty feet downstream of the
test filter, Figure 3.9. An isokinetic sampler is a sampling device that does not distort the
streamlines upstream of the inlet [2]. The streamlines entering the sampler will maintain a
constant velocity while the streamlines that impact the probe change direction from the inlet of
the sampler. The use of an isokinetic sampler ensures that the collected sample is an accurate
representation of the duct aerosol concentration [2].

Figure 3.9

Isokinetic Sampling, [2]
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Since this testing requires steam to control relative humidity, desiccant air dryers must be
used to condense the water vapor prior to the LAS. The desiccant consists of small silica gel
capsules enclosed in a cylinder and a liquid reservoir. As the air sample travels from the
isokinetic sampler, the air passes through the dryer while the silica gel condenses the water and
drains into the reservoir. Once the reservoir fills, the water must be emptied to avoid
oversaturating the silica beads. If the beads become oversaturated, the bead will transition from
blue to pink in color and must be dried to continue use.
The laser aerosol spectrometer used the Model 3340 from TSI, Figure 3.10 [12]. A LAS
is a sampling device used to count the number of airborne particles with diameters ranging from
90 nm to 7500 nm. As particles travel down the laser cavity, light is scattered which produces a
pulsating light effect. Two detectors sense these pulses and are analyzed by four cascading
amplifier stages which are connected to analog-to-digital converters for sizing. To avoid edge
effects, the particles are concentrated in a sample stream smaller than the laser. The flow through
the LAS is controlled by an internal pump and is set to 0.05 lpm.

23

Figure 3.10

TSI Model 3340 Laser Aerosol Spectrometer

The 100:1 diluter attached to the LAS is the Model 3302A from TSI, Figure 3.11 [13]. A
diluter is designed to reduce sample size to avoid overloading the sampling device. The diluter is
calibrated using a flowrate of 5 lpm, but the testing conducted in this study requires an
adjustment to this parameter. The flow through the diluter is controlled by the sampling device
(0.05 lpm from the LAS). The aerosol entering the diluter is separated into two flows; one
through an isokinetic sampler that maintains temperature, relative humidity, and elemental
composition and the other travels through two HEPA filter capsules where the remaining aerosol
particles are removed from the sample. This diluter is only used while sampling upstream where
the aerosol concentration is much higher.

24

Figure 3.11

TSI Model 3302A 100:1 Diluter

A flow controller is located at the inlet of an air pump at the end of the sampling train.
This controller requires a standard volumetric flow rate input of 4.95 lpm (the LAS pulls 0.05
lpm while the diluter requires an additional 4.95 lpm) under atmospheric conditions. As the
pressure is changed between each test point, the density within the test stand changes resulting in
a decrease in actual volumetric flow through the sampling devices. To account for this change,
the standard volumetric flow setting on the flowmeter must be adjusted to match the actual flow
setting from atmospheric conditions.
3.1.10

Sensors
The sensors used for data analysis are composed of temperature and relative humidity

sensors, pressure differential transducers, and pressure sensors. These sensors are used to analyze
the conditions inside of the duct and convert standard conditions to actual conditions. This process
is further explained in the results section.
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The two temperature and RH probes used for data analysis are located upstream of the
filter housing and at the venturi meter. Each temperature and relative humidity sensor is a
Vaisala HMT330, Figure 3.12 [14]. The probe used for this set of testing is the HMT334 which
is suitable for vacuum applications. The relative humidity measurement range is from 0% to
100% RH. The uncertainty of the sensor above 68°F is ±0.6% between 0% and 40% RH, and
±1.0% between 40% and 97% RH. The temperature measurements range for the HMT334 probe
is -94°F to 356°F with a non-constant uncertainty range.

Figure 3.12

Vaisala Humidity and Temperature Transmitter (HMT330)

Two differential pressure transducers are used at the filter housing; one to measure the
pressure difference between the atmosphere and the duct (Omega PX656-100DI), and the other
to measure the pressure change across the filter (OmegaPX656-10DI), Figure 3.13 [15]. Both
pressure transducers are capable of operation between -20°F and 185°F and have an uncertainty
of ±0.25% for the pressure differential readings. To measure change in pressure within the duct,
the high port on the 100 PSI gauge must be open to the atmosphere while the low port is
connected to the duct upstream of the test filter. To measure the pressure differential across the
filter, the high port is connected upstream of the filter and the low port is connected downstream.
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Figure 3.13

Omega PX656

The differential pressure transducer (DPT) at the venturi is an Endress Deltabar S
PMD75, Figure 3.14 [16]. This sensor is used in flow measurement applications for gases,
vapors, and liquids. With the use of a diaphragm seal mount, this device can withstand the
elevated temperatures ranging from -58 to 185°F. This DPT has a measuring range from ±0.15
psi to ±600 psi. The programmed logic for the test stand does not allow this sensor reading to
exceed 11 psi to protect the blower from exceeding its performance capabilities.

Figure 3.14

Endress Deltabar S PMD75
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CHAPTER IV
PROCEDURE DEVELOPMENT
To conduct testing following the ASME NQA-1 standard, test procedures must be
developed and accepted through a document review process, [1]. Developing the testing
procedures to adhere to this standard ensures that the testing process is executed properly by the
testing personnel. Two procedures are required for conducting the filter efficiency tests under
elevated conditions: a diluter characterization procedure and a filter efficiency test procedure.
This chapter includes the development process for these procedures through experimental
testing.
4.1

Diluter Characterization
A diluter characterization is conducted monthly to determine the ratio of particles

entering the diluter to those passing through the device. The LAS, in this case, has a 100:1 diluter
installed at the inlet. This diluter will not be characterized or used in testing, but it will act as a
zero point for the characterization of the diluter undergoing characterization. The aerosol used
during the characterization process is Dioctyl Phthalate and is introduced to the test stand by a 6jet laskin nozzle generator. At standard atmospheric conditions, the aerosol generator is
activated, and the concentration is adjusted to provide 2,000 particles per second to the LAS.
Once the concentration is set, the LAS collects 6, 1 minute and 15 seconds samples to get an
average amount of particles entering the LAS. The diluter that is undergoing characterization is
then attached to the inlet of the base diluter, and the aerosol concentration remains the same as
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before. The LAS collects another 6 samples to determine the average number of particles passing
through the diluter. The value assigned to the diluter is determined by taking the average number
of 0.27μm particles with one diluter attached and comparing that amount to the number of
0.27μm particles with both diluters attached. The 0.27μm particle diameter amount is used
because this is the most penetrating particle size and the particle diameter used to evaluate the
filter efficiency.
Initially, the procedure included a single diluter characterization for all pressures, but
further testing showed a change in performance of the diluter. As stated in Chapter III, the
sampling train requires a constant volumetric flow of 5 liters per minute (0.05 supplied by the
LAS and 4.95 provided by the pump/flow controller). The setting on the flow controller
remained 4.95 standard liters per minute, which was acceptable for standard atmospheric
conditions because the actual volumetric flow was similar to standard. As pressure decreased, the
variation in actual and standard volumetric flow caused the diluter to increase the number of
particles passing through to the LAS. This caused a major decrease in the diluter characterization
value, because the flow through the sampling train did not meet the flow requirements from the
calibration of these devices. To account for the changes in pressure, the actual volumetric flow
displayed on the flow controller is recorded after setting the flow to 4.95 liters per minute at
standard conditions. After each sample set is collected and the pressure is changed, the flow
controller standard volumetric flow set point is adjusted to match the actual volumetric flow at
standard conditions. Once this alteration was made to the test procedure, the diluter
characterizations performed at each pressure were within a reasonable range of acceptance.
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4.2

Filter Efficiency Under Elevated Conditions
A filter efficiency test consists of collecting aerosol samples upstream and downstream of

the test filter with the use of a laser aerosol spectrometer. The test begins with initializing all data
acquisition devices and setting the sampling rate to 15 seconds. Prior to installing the test filter,
the testing personnel identify the CFM requirement by observing the information tag or referring
to the test plan document, APPENDIX A. Based on the CFM requirement, the ACFM value
requirement is entered into the control system and the blower adjusts the SCFM to produce a
constant flow through the test stand. The control system has built in calculations to convert the
SCFM flow to ACFM based on the variation in air density, discussed in the results section.
Once the airflow set point is achieved, the environmental conditions are set using the
following devices: a butterfly valve to adjust the test stand pressure, a cold water heat exchanger
or an in-duct heater to adjust the air temperature, and a steam injection valve to set the relative
humidity. As the pressure plate closes, the pressure within the test stand decreases and the
blower requires more power to continue moving the air. The testing personnel must not close the
valve quickly to avoid damaging the blower. The flowrate through the cooling coil is constant, so
lower temperatures are achieved by cooling the air temperature below the set point and adjusting
the temperature of the heater to settle at the desired temperature. The relative humidity is set to
50% at 70°F and adjusted to maintain a constant humidity ratio as the air temperature is
increased. With the use of steam, the sampling system must remain free of condensation to allow
accurate sample collection. So, desiccant air driers are installed at the inlet of the sampling
system for collecting samples upstream and downstream.
After the environmental conditions are set, the aerosol is introduced to the test stand via a
6-jet laskin nozzle generator. As pressure decreases, the test stand pulls additional air through the
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generator and causes the DOP to aerosolize without activating the generator. The solution to this
problem is attaching an exhaust pipe with predrilled holes to equalize the pressure across the
generator. At standard atmospheric pressure, the holes on the exhaust are covered. When the
pressure within the duct is reduced, the holes are slowly uncovered to equalize the pressure
without ejecting the aerosol into the environment.
Two methods of testing the filter efficiency are used in this study. The difference
between these tests include neglecting pressure effects when monitoring airflow through the
sampling train and adjusting the flowmeter to maintain a constant actual flow rate through the
lines. At standard atmospheric pressure, the flowmeter is set to 4.95 standard liters per minute
and the actual flow rate is recorded from the display. As pressure decreases, the standard flow
rate setting must be adjusted to maintain a constant actual flowrate through the sampling train.
Making these adjustments is important because the sampling devices were calibrated under
specific operating conditions. In this case, the diluter is calibrated using an actual flow rate of
5.00 lpm (4.95 lpm from the flow controller/pump and 0.05 lpm from the LAS). This process is
not necessary when neglecting pressure effects.
The aerosol concentration is adjusted until a steady output of 2,000 particles per second is
achieved. Then the LAS begins collecting three, one minute and fifteen second samples
upstream, downstream, and downstream background. Before transitioning between upstream and
downstream sampling, the sampling lines must be purged to clear residual particles that could
skew the particle counts. Each sample is documented in a lab notebook in accordance with the
test procedure and NQA-1 standards, and the data is given a specific name to organize the data.
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CHAPTER V
EXPERIMENTAL DATA ANALYSIS, RESULTS, AND DISCUSSION
5.1

Experimental Data Analysis
The volumetric airflow through the ALSTS is controlled based on multiple readings from

pressure transducers, temperature sensors, and relative humidity sensors. The blower is
controlled based on a standard volumetric flowrate, but the test requires a constant actual
volumetric flowrate. So, a few calculations are required to convert between actual and standard
conditions.
The saturated vapor pressure is calculated using the Antoine equation,
𝑃𝑠𝑎𝑡 = 10

(𝐴−

𝐵
)
𝐶+𝑇𝑑𝑜𝑤𝑛

(5.1)

Where the constants A, B, and C are 8.07131, 1730.63, and 233.426, respectively, when the
downstream temperature, Tdown, is between 1°C and 100°C. The Antoine equation is an
integrated form of the Clausius-Clapeyron equation. This equation can be applied when the
following assumptions are made: the volume ratio of liquid to vapor is approximately zero, the
heat of vaporization is constant, and the vapor is an ideal gas [17]. The vapor pressure can then
be calculated using the relative humidity collected downstream of the filter, RHdown, and the
saturated vapor pressure above.
𝑃𝑣𝑎𝑝 = 𝑅𝐻𝑑𝑜𝑤𝑛 ∗ 𝑃𝑠𝑎𝑡
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(5.2)

The downstream pressure differential is then calculated from two pressure transducers
located in the filter housing and a pressure gage at the venturi meter.
𝑑𝑃𝑑𝑜𝑤𝑛 = 𝑃𝑎𝑡𝑚 − (𝑑𝑃𝑓𝑖𝑙𝑡𝑒𝑟 + 𝑑𝑃𝑇𝑆 ) − 𝑃𝑣𝑒𝑛𝑡

(5.3)

The total pressure drop through the test stand and filter is the sum of the differential pressure
across the filter, dPFilter, and test stand, dPTS. To calculate the total pressure differential across the
venturi, dPdown, the differential pressures and the venturi pressure must be subtracted from the
atmospheric pressure. In this case, the atmospheric pressure, Patm, is assumed to be constant at
101.325 kPa.
Since the ideal gas assumption is used, the density downstream, ρdown, of the filter is
found using the ideal gas equation.
𝑃 =𝜌∗𝑅∗𝑇

(5.4)

Rearranging the equation above and substituting the known variables from the data set, the
density equation becomes:
𝜌𝑑𝑜𝑤𝑛 =

𝑑𝑃𝑑𝑜𝑤𝑛 + 𝑃𝑠𝑎𝑡
𝑅 ∗ 𝑇𝑑𝑜𝑤𝑛

(5.5)

Where R is the universal gas constant 8.314 J/(mol*K).
To calculate the density at the venturi, ρvent, the pressure downstream is assumed to be
equal to the pressure at the venturi resulting in the following ideal gas relation.
𝜌𝑣𝑒𝑛𝑡 = 𝜌𝑑𝑜𝑤𝑛

𝑇𝑑𝑜𝑤𝑛
𝑇𝑣𝑒𝑛𝑡

Where Tvent is the temperature collected at the venturi.
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(5.6)

The final variable required to calculate the required SCFM from the blower is the mass
flow rate across the venturi, 𝑚̇𝑣𝑒𝑛𝑡 . This equation follows the ASME MFC-3M-2004 standard
for calculating mass flow through a venturi meter [11].
𝑚̇𝑣𝑒𝑛𝑡 = 0.09970190 ∗ 𝐶 ∗ 𝜀 ∗ 𝑑 2

√𝑑𝑃𝑣𝑒𝑛𝑡 ∗ 𝜌𝑣𝑒𝑛𝑡
√1 − 𝛽 4

(5.7)

Where C is the discharge coefficient, ε is the expansibility factor, d is the orifice diameter, dP vent
is the pressure drop across the venturi, and β is the ratio between the orifice and pipe diameter.
This form of the mass flow rate requires U.S. customary units for each variable. The mass flow
rate of air is then used to calculate the volumetric flow rate required from the blower using the
density of air under standard conditions (0.07487 lbm/ft3).
𝑆𝐶𝐹𝑀 =

𝑚̇𝑣𝑒𝑛𝑡
𝜌𝑎𝑖𝑟

(5.8)

To convert standard flow to actual flow, the density upstream, ρup, must be calculated
using the ideal gas law.
𝜌𝑢𝑝 = 𝜌𝑑𝑜𝑤𝑛

(𝑃𝑎𝑡𝑚 − 𝑑𝑃𝑇𝑆 )
𝑇𝑑𝑜𝑤𝑛
𝑇𝑢𝑝 (𝑃𝑎𝑡𝑚 − 𝑑𝑃𝑇𝑆 − 𝑑𝑃𝑓𝑖𝑙𝑡𝑒𝑟 )

(5.9)

This equation uses the temperature and pressure ratios between upstream and downstream
conditions. The pressure calculation in the numerator is the pressure upstream of the test filter,
and the denominator is the pressure term downstream of the test filter.
Since the SCFM calculation requires a standard air density, the conversion from SCFM to
ACFM is simply a density ratio between standard air and upstream test stand conditions
multiplied by the standard flow.
𝐴𝐶𝐹𝑀 = 𝑆𝐶𝐹𝑀
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𝜌𝑎𝑖𝑟
𝜌𝑢𝑝

(5.10)

While testing, the data acquisition unit used only collects the variable input into these
equations, but the control systems have the equations built into the code. As testing continues,
aerosol particulate samples are collected upstream, downstream, and downstream background.
These samples are then analyzed to evaluate the performance of the HEPA filter under varying
atmospheric conditions. The equation used is the filter efficiency equation for particle diameters
between 268.90 nm and 275.52 nm since the AG-1 standard specifies a 99.97% passing filter
efficiency at 270 nm particle diameters.
𝜂0.27𝜇𝑚 = 1 −

(𝑁𝑑𝑜𝑤𝑛 − 𝑁𝑏𝑔 )
(𝑁𝑢𝑝 ∗ 𝐷𝐶)

(5.11)

Where η0.27μm is the filter efficiency when analyzing the particle samples within the range of
268.90 nm and 275.52 nm. The upstream, downstream, and downstream background particle
samples are represented by Nup, Ndown, and Nbg, respectively. The diluter characterization factor
is represented by DC which was calculated by following the procedure from Chapter IV.
Another method in determining the effectiveness of a filter is the decontamination factor
(DF). This method is similar to the filter efficiency, but the DF typically views the performance
of the filter over a span of particle sizes. The DF is a ratio of particles counted upstream to
particles counted downstream.
𝐷𝐹 =

(𝑁𝑢𝑝 ∗ 𝐷𝐶)
(𝑁𝑑𝑜𝑤𝑛 − 𝑁𝑏𝑔 )

(5.12)

This value quantifies the number of particles of a specific particle diameter entering a filter to the
number of particles of the same size passing through the filter.
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5.2

Preliminary Test Results
The preliminary testing was conducted to verify the use of the procedures defined in

Chapter IV. During these tests, data was also collected to develop a process for analyzing the
data when actual testing is conducted. The filter used during these tests is a Flanders C-pack
24”x24”x11.5” HEPA filter which is used for diluter characterization. Although this filter is not
a new filter, the process to analyze the variation in performance under varying conditions is the
same between each case. After completing the data analysis, the following results are found in
Table 5.1. Since the data shown in this table was collected during a preliminary study, a few test
points were not collected due to the requirement of test stand maintenance and adjustments. The
overall data from the preliminary testing is illustrated in Figure 5.1 and Figure 5.2. Table 5.2
includes each 50% relative humidity data point, and is separated into constant pressure categories
to analyze the affects that temperature has on the filter efficiency, Figure 5.3. Table 5.3 includes
the same data as Table 5.2, but it is separated into constant temperature categories to illustrated
how pressure affects the filter efficiency, Figure 5.4.
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Table 5.1

Preliminary Filter Efficiency Test Results
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Figure 5.1

Standard Volumetric Flow Rate versus Temperature

When analyzing the variation in standard volumetric flow rates between 50% RH and
80% RH, a diverging trend is seen as temperature increases from 70°F to 150°F. At 70°F, the
volumetric flow rate is almost identical between the two cases. At the 120°F set point, the SCFM
values have separated slightly. During the 80% RH, 120°F, and 12.40psi test point, the test stand
experienced a valve malfunction, so this data point was removed due to inconsistencies in the
test environment. Once the temperature reached 150°F, the variation in flow rate between each
relative humidity is much greater compared to the two previous cases.
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Figure 5.2

Filter Efficiency versus Standard Volumetric Flow Rate

The plot above contains each data point collected during the preliminary study and
illustrates the variation in filler efficiency caused by changes in environmental conditions. The
circles and triangles represent the relative humidity sets of 50% and 80% RH, respectively.
While blue, green, and red represent the pressure within the test stand at 14.70psi, 13.55psi, and
12.40psi. As the standard volumetric flow decreases for each trend, the temperature increases
causing the actual density to increasingly differ from the standard density of air. Although most
of the data points pass the filter efficiency requirement of 99.97%, each trend shows a general
decrease in efficiency as the standard volumetric flow rate decreases. The 14.7psi at 50% RH
data set contains data points significantly lower than the data set as a whole. To accurately
determine if these points are outliers, additional data must be collected.
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Table 5.2

Filter efficiency versus standard volumetric flow rate with respect to changes in
temperature

Figure 5.3

Filter efficiency trends with variations in temperature while pressure and relative
humidity are held constant
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At 50% RH, the filter efficiency tends to decrease with respect to increases in
temperature. As pressure changes, the efficiency at matching temperatures between 13.55psi and
12.40psi is similar but the standard volumetric flow rates is lower. From this data set, a
translation in filter efficiency is seen when adjusting the pressure of the environment and
increasing temperature causes the major efficiency decreases.
Table 5.3

Filter efficiency versus standard volumetric flow rate with respect to changes in
pressure
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Figure 5.4

5.3

Filter efficiency trends with variations in pressure while temperature and relative
humidity are held constant

ACFM vs. SCFM Filter Performance at Varying Temperatures
From the preliminary study, the results showed a divergence between ACFM and SCFM

with decreasing pressure and increasing temperature. The next set of testing involved analyzing
the filter efficiency trends when changing each atmospheric condition independently. The first
set of tests included temperatures of 70°F, 110°F, 150°F, and 170° while volumetric airflow is
set to maintain a constant ACFM. Before changing temperatures, the volumetric airflow is
adjusted to maintain a constant SCFM. These results in determining the decontamination curves
with increasing temperature are compared to the results from a study conducted by Osaki and
Kanagawa in 1988 which was discussed in Chapter II.
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Figure 5.5

Temperature effects on decontamination factor (1,500 ACFM)

Figure 5.6

Temperature effects on decontamination factor (1,500 SCFM)

From Figures 5.5 and 5.6, the decontamination factor curves show a general increase in
filter performance for maintaining ACFM and SCFM constant. Although the decontamination
factor curves between 70°F and 110°F show a slight decrease in efficiency, the elevated
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temperature conditions show an increase in filter performance similar to the results found by
Osaki and Kanagawa [5].

Figure 5.7

Decontamination factor comparison between ACFM and SCFM (150°F)

Figure 5.8

Decontamination factor comparison between ACFM and SCFM (170°F)

44

When comparing the results of the ACFM tests to the SCFM test, the variation in filter
effectiveness between the two cases is shown in Figure 5.7 and Figure 5.8. This comparison
shows a noticeable decrease in filter performance when maintaining a constant SCFM in place of
constant ACFM. From Figure 5.1, increasing temperature decreases the required SCFM for
maintaining a constant ACFM. When the system is changed to maintain a constant standard
flowrate, the actual flowrate through the duct causes the face velocity of the filter to exceed the 5
fpm requirement specified by the AG-1 standard [18].
5.4

Individual Condition Effects on Filter Performance
This set of testing involved varying each environmental condition individually to analyze

the effects on filter performance. These tests are conducted using a U-pack filter with a
maximum recommended volumetric flow of 1,500 cfm. The first condition analyzed is
temperature where pressure and relative humidity are not altered by using the pressure plate or
the steam injection valve. The data collected during the temperature tests show an increase in
filter efficiency of the 0.27 μm particle, Figure 5.9.
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Figure 5.9

Filter efficiency as a function of temperature

With increases in temperature, the diffusion coefficient for Brownian motion increases.
Thus, increasing the effectiveness of aerosol captured by diffusion. Figure 5.10 shows a steady
increase in filter efficiency. The 150°F test point is omitted because the flow controller on the
sampling train was altered during sampling. This skewed the filter efficiency results because the
diluter was not characterized at the altered flowrate.
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Figure 5.10

Decontamination factor trends as a function of particle diameter with increasing
temperature

The next condition analyzed is atmospheric pressure where temperature and relative
humidity are held constant matching the environmental conditions. This test also uses the U-pack
filter from the previous temperature test. The results also show an increase in filter efficiency as
different in duct pressure to atmospheric pressure decreases, Figure 5.11.

Figure 5.11

Filter efficiency as a function of ΔP
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The decontamination factor curves also increase as a function of atmospheric pressure
differential, but the pressure effects are significantly less when compared to temperature, Figure
5.12.

Figure 5.12

Decontamination factor trends as a function of particle diameter with decreasing
atmospheric pressure

This increase in efficiency could be caused by the decrease in air density when the duct
pressure is decreased. With a decrease in density, the particles can move more freely. This
increases the diffusion coefficient which increases the likelihood of aerosol capture by diffusion
onto the filter fibers.
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CHAPTER VI
CONCLUSIONS AND FUTURE STUDIES
The information gained from these preliminary tests allowed the testing procedures for
diluter characterization and filter efficiency testing to be completed. It is crucial that the diluter
characterization tests are completed at each pressure with the flow controller controlled based on
actual flow. If not, the diluter will not perform properly since the device was calibrated under
different operating conditions. Data collected during the preliminary tests provided useful
information for altering the testing matrix to further analyze the environmental effects on filter
performance. This data was compared to a previous study conducted by Dr. Cho and Dr.
Waggoner to verify that the standard volumetric flowrate decreases with increased temperature
and humidity [4]. These tests also showed how standard flowrate reacts to changes in
atmospheric pressure. Maintaining a constant relative humidity while altering duct pressure and
temperature proved to significantly reduce the filter efficiency due to the amount of moisture
added to the air. The test matrix and procedure were altered to analyze the filter performance
individually for each environmental condition. While decreasing the pressure in the test stand
also increases filter efficiency, temperature proved to be the main contributing factor in
increasing filter performance. Unfortunately, the relative humidity test was unable to be
conducted. The results from these studies show the variation in filter performance at elevated
conditions when controlling volumetric flowrate based on ACFM and SCFM. Controlling based

49

on SCFM is shown to decrease the filter efficiency at higher temperatures, but further testing
must be completed to verify this outcome.
Due to test stand limitations, the ACFM and SCFM comparison testing was unable to be
completed for varying pressure conditions for the SCFM case. The test stand code for the
differential pressure transducer, located at the venturi meter, must be adjusted to allow a higher
differential pressure to be reported to the blower. Currently, the blower that controls the flow
through the test stand produces a maximum volumetric flowrate of approximately 2,000 cfm. At
the lowest pressure and highest temperature test point, the actual volumetric flowrate is
approximately 2,500 cfm. To complete the individual testing data, the blower must be replaced
and the test stand code must be altered to allow the blower to operate under higher pressure
differentials.
After making alterations to the test stand, the filter performance under varying pressure
and relative humidity can be completed. The information gained from these tests will show how
relative humidity and pressure change the filter efficiency. Since maintaining relative humidity is
shown to significantly decrease the filter performance at elevated temperatures, this testing will
provide the information needed to remove the constant relative humidity conditions from the test
plan. A comparison between constant ACFM and SCFM at varying atmospheric pressure must
be completed to compare the temperature and pressure effects. This data will illustrate how
varying pressure while maintaining a constant SCFM decreases filter efficiency in comparison to
maintaining ACFM constant.
Once all procedures and test matrices are finalized, the repeatability testing must be
completed on all 18 filters. These tests will provide information on how each filter type performs
when altering each condition. Both filter types are expected increase in efficiency when
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increasing temperature and decreasing pressure. Since the volumetric flow requirements for the
C-pack filters are 500 cfm lower than the U-pack filters, the face velocity is expected to be
higher during U-pack filter testing while maintaining a constant SCFM. With an increase in face
velocity, the filter efficiency will decrease with respect to the constant ACFM tests.
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I.

Project Description

A. Introduction
High Efficiency Particulate Air (HEPA) filters are credited as the final barrier against the release
of airborne radioactive contamination in nearly every operating U. S. Department of Energy
(DOE) and National Nuclear Security Agency (NNSA) nuclear facility.
Approximately 3000 nuclear grade HEPA filters are purchased each year for use in the
DOE/NNSA complex. Each of these filters is tested, inspected, stored under special
environmental conditions until needed, installed, tested post-installation, in-place leak tested on a
periodic basis, removed, and disposed of through a set of rigorous procedures designed to ensure
the physical integrity and thereby the functional reliability of these crucial, yet fragile,
components.
The Institute for Clean Energy Technology (ICET) at Mississippi State University (MSU) has
developed a HEPA filter test stand to evaluate the performance of 24” x 24” x 11.5” axial flow
HEPA filters rated for 1000 cubic feet per minute (cfm), 1250 cfm, and 1500 cfm of flow. This
test plan has been developed through collaborations with DOE Project Points of Contact and a
national Technical Working Group (TWG) comprised of the following members:
Project Points of Contact
● Elaine Diaz, DOE Technical Lead: Office of Environmental Management (EM) Office of
River Protection (ORP)
● Christian Palay, DOE Quality Assurance Auditor: EM Office of Standards and Quality
Assurance (EM-43)
● Rodrigo Rimando, DOE EM Program Manager: EM Office of Waste Treatment Plants
and Tank Farm Program (EM-23)
● Lori Sehlhorst, DOE Contracting Officer: EM Consolidated Business Center (CBC)
TWG Members (TBD)
B. Project Background
The AG-1 Code is internally inconsistent in the use of SCFM or ACFM when designating the
flow rate through HEPA filters. Section FC specifies SCFM while section FK specifies ACFM.
A panel discussion on this issue was held at the 29th Nuclear Air Cleaning Conference, but the
issue was not resolved. Available studies show that both the ACFM and SCFM standards yield
errors when holding either parameter constant at different temperature and pressure conditions;
however, the ACFM standard yields lower errors than the SCFM standard. In addition, there are
no corrections available for either standard when correcting filter efficiency and pressure drop
for temperature, relative humidity, and pressure effects [1].
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C. Project Objective(s)
The objective of this project is to generate experimental data that will document the error when
using either standard. Another objective of this project is to provide sufficient experimental data
for developing correction factors to convert measured filter efficiencies and pressure drops to the
corresponding values at the standard temperature (70°F), relative humidity (50%), and pressure
(14.7 psi) conditions. The volumetric flow will also be controlled based on both actual and standard
conditions to provided data to compare the filter performance between the two methods of
measurement.
D. Project Sponsor
Funding has been provided by the DOE EM for testing.
E. Project Organization
ICET has a multidisciplinary staff of more than 30 individuals, a blend of chemists, physicists,
computer scientists, and electrical and mechanical engineers. ICET’s team is a unique group of
measurement specialists, control specialists, and an experienced engineering and operations staff,
primed to carry out its mission. ICET also employs students, both graduate and undergraduate,
who further support research activities.
The following sections describe the individuals and their roles within the project: “Follow-on
Study of HEPA Filter Degradation Due to Aging.”
Administrative Group
This group of individuals has years of professional experience, and each member directly reports
to Charles Waggoner, PhD. Structure and composition of the administration group enhances a top
down commitment to quality. Members of the administration group play important roles in
coordination of testing activities. They also serve as the administrative council for routine internal
review of program status and for resolution of issues that can cause delays. The following list of
individuals identifies the administrative group:
ACFM vs. SCFM HEPA Filter Study ICET Administrative Team
● Charles Waggoner, PhD, Principal Investigator (Chair)
● Heejin Cho, Ph.D. Co-Principal Investigator
● Andrew Fox, Purchasing Coordinator
● Jay McCown, Systems Engineer
● Jaime Rickert, Quality Assurance Coordinator (QAC) and Lead Auditor
● Ronald Unz, Safety Representative, Radiation Safety Representative
● John Wilson, Chief Testing Engineer
● Tony Wofford, Fabrication Shop Supervisor
● Michael Williston, Graduate Research Assistant
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Research Team
Project Management and Planning. Charles Waggoner, PhD serves as the Principal Investigators
of several filter testing activities, including this project. In this role, he supervises the project team
in the areas of project planning, test plan development, fabrication of test rigs and stands,
Measuring and Test Equipment (M&TE) calibration, coordination of testing, testing activities, data
quality review, and reporting.
Quality Assurance/Quality Control (QA/QC). Jaime Rickert has served as the QAC for the past
six years. In this role, she is responsible for developing specific procedures and protocols within
the NQA-1 QA requirements adopted for this project. She is also responsible for QA/QC review,
records, and documentation.
Chief Testing Engineer. John Wilson has developed test plans and technical procedures. (He was
also responsible for training new employees.) As the Chief Testing Engineer, he is responsible for
test plan development and maintenance and for oversight and control of testing activities for each
filter evaluated under this test plan.
Testing Shift Supervision. Bill Trainor will serve as Testing Shift Supervisor. He has served as
shift supervisor for previous filter work. He has trained and qualified in testing activities and is
competent to troubleshoot instrumentation and/or problems that may arise during testing.
Additional test shift supervisors may be assigned based on experience.
Aerosol Generation and Measurement. Testing Shift Supervisors are responsible for aerosol
generation and particle counting measurements for this study.
Software for Test Stand Operation and Control. Jay McCown has previously implemented the
control system for the HEPA filter test stand and other control systems for pilot and engineeringscale industrial processes. He also specializes in system integration, software development, and
developing and maintaining data archival systems. He will be responsible for development of the
control systems for the project.
Software and Hardware Development for Imaging Applications. Ping-Rey Jang (retired) has
developed several imaging systems for the HEPA filter test stand that are still in use.
U.S. Environmental Protection Agency (EPA) Reference Methods. EPA reference method testing
related to the project is under the oversight of John Wilson.
Development of Test Procedures. Michael Williston lead the effort for developing and maintaining
test procedures in accordance with the QA program and the testing activities required.
Data Reduction. Michael Williston is responsible for the development of data reduction master
sheets used in this program.
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Environmental Safety/Compliance. MSU’s Environmental Health and Safety (EH&S) Director,
Michael Parsons, Certified Hazardous Materials Manager (CHMM), is responsible for project
compliance with applicable federal and state environmental standards and regulations.
Occupational Safety and Health. Ronald Unz serves as Health and Safety oversight for this
project.
Safety Representative. Ronald Unz is responsible for developing the Health and Safety Plan
(HASP), conducting health and safety training, and performing surveillance of activities associated
with the project from a health and safety perspective. These efforts are in concert with MSU’s
Office of EH&S.
Control, Safety, and Use of Radiation Sources. Ronald Unz, with oversight from Donna Rogers,
CIH and MSU’s Radiation Safety Officer, is also responsible for the control, monitoring, and safe
use of radiation sources utilized during the course of the project.
Testing Personnel. Testing personnel must be trained on the use of the test stand and
instrumentation prior to the start of testing activities. Training must be documented in
accordance with ICET-QA-001, Training.
Fabrication Group
ICET craftsmen will provide the essential role of infrastructure fabrication, assembly, and
maintenance. Fabrication group members by name and title include the following persons:
● Tony Wofford, Fabrication Shop Supervisor (Chair)
● Kris Gonzalez, Fabrication Coordinator
● Devin Starkey, Draftsman
● Michael Sullivan, Mechanical Technician/Electrician
Tony Wofford is responsible for coordinating the fabrication and assembly of test stands in
accordance with design documents. His responsibilities include ensuring that material used for inhouse fabrication is ordered in a timely manner consistent with all purchasing guidelines and that
fabrication work outsourced to businesses is accomplished to specifications and drawings
contained in design documents. Mr. Wofford is also responsible for ensuring that purchase orders
authorizing the work are communicated to the fabricator and coordinates inspection of outsourced
products prior to payment.
F. Project Timeline
Project timelines and milestones of testing will be determined and provided to the TWG as they
become available.
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G. Applicable Codes and Standards
ASME AG-1 Code provides requirements for the design, construction, and performance of new,
clean nuclear-grade HEPA filters. Materials of construction prescribed in this code protect the
function of the HEPA filters from a wide range of exhaust airstream conditions (e.g., temperature,
air relative humidity, radiological stresses, chemical hazards, etc.) due to upstream processes
normally found in nuclear facilities. ASME AG-1 Section FC is utilized during testing related to
performance qualification specifications.
The Institute of Environmental Sciences and Technology (IEST) Contamination Control Division
provides guidelines for the evaluation of HEPA filters. IEST-RP-CC0007.1 provides information
on the equipment, instrumentation, aerosols, and efficiency calculations that will be used within
the project’s scope of work. [2]
H. Quality Assurance and Control
The Cooperative Agreement between the U. S. DOE and MSU ICET, DE-EM0003163, requires
that the MSU ICET Quality Assurance Program (QAP) meet the conditions of the EM QAP (EMQA-001, Rev 1, June 11, 2012), including the applicable requirements of NQA-1-2008/2009a [3],
and DOE Order 414.1D [4]. The MSU ICET QAP is qualified by EM-43 to meet Subpart 4.2 of
NQA-1-2008/09a entitled, “Guidance on Graded Application of Quality Assurance for NuclearRelated Research and Development,” and within Section 600 entitled, “Application of NQA-1 to
Research and Development Activities.” Specifically, Table 600 and the requirements for
“Applied” R&D are applicable.
MSU ICET’s QAC ensures all work is conducted in accordance with ICET’s Quality Assurance
Manual (QAM), ICET-QAM-001, and supporting procedures. Controlled copies of the QAM and
supporting quality procedures are maintained on the ICET internal server and may be accessed at
any time by any testing personnel.
I. Training
The training procedure, ICET-QA-001, can be found on the ICET internal server. This procedure
is in place to ensure that all ICET project members can effectively and time-efficiently carry out
activities assigned to them. Qualification of personnel is determined through experience, training,
and/or practical demonstration of skills. Training is provided to achieve initial proficiency,
maintain proficiency, and adapt to changes in technology, methods, and/or job responsibilities.
Appropriate training documentation is maintained by the ICET’s Quality Group.
J. Quality Affecting Items
The Quality Affecting Items of this project include newly procured filters provided by American
Air, Camfil, and Flanders. Additionally, data collected during testing are quality affecting. This
denotes that the calibrations of the M&TE utilized to collect data for reporting are quality affecting.
Any data reduction software used to calculate results for reporting is also considered quality
affecting.
K. Test Plan Review, Approval, and Revisions
Project activities will be directed by this test plan that describes the objectives, necessary
infrastructure, test matrices, and methodology used to accomplish project goals. The TWG will
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provide feedback and directions for revision of this test plan including requests for additional data.
This process continues until consensus is reached with respect to test planning activities, test stand
design, and approval of testing protocols. The TWG will continue as an active participant as testing
is conducted. ICET will provide results of testing to DOE and the TWG for their use in interaction
with manufacturers providing filters used in testing.
It is important that the test plan be assembled in an efficient and effective manner. ICET has
provided the TWG with a test plan framework that included a listing of component materials,
initial design drawings, and anticipated performance specifications for all test stands and rigs. Test
matrices and test protocols were included. A copy of the ICET QAM and copies of all procedures
used in testing were assembled into a draft test plan for circulation to the TWG. A project specific
HASP along with an environmental compliance statement for the project was also included.
Revisions of the test plan have been tracked in the ICET Quality Assurance Program to record any
modifications made as midcourse corrections recommended by DOE and their subject matter
experts.

II.

Scope of Work

A. Required Resources
1. Test Facilities
The ICET building has 16 laboratory spaces within which areas for performing filter receipt
inspections, filter tolerance measurements, filter storage, and filter autopsying have been
allocated. Test filters will be stored in accordance with Article AA-7000 and ANSI/ASME
NQA-1 Level B. In addition to its laboratories, ICET has an extensive high-bay area to support
testing of HEPA filters.
Support personnel for the test facility include machinists, welders, pipe fitters, electronics
technicians, electricians, maintenance personnel, M&TE technicians, and operations support
technicians. Operations personnel also include mechanical and electrical engineers who
provide test component design, test design, test plan development, control and data acquisition,
and operational support.
ICET maintains National Institute of Standards and Technology (NIST) traceable calibrations
for all thermocouples, volume air flow meters, and pressure transducers that are used for
official test data. Aerosol particle measurement instruments are returned to the manufacturer
annually for recalibration and returned with as-found measurements.
The test facility is equipped with a number of cranes, hoists, and a forklift for handling and
installing heavy equipment and parts. Electrical power, water, natural gas, fuel oil, compressed
air, and other utilities are available to support most types of testing.
2. Fabrication Capabilities
ICET’s fabrication facilities include a well-equipped machine shop that is capable of
fabricating everything from precision parts used in optical instrumentation to large components
of test beds for use in the test facility. In addition to the machine shop, there is an in-house
welding shop capable of a full range of welding, cutting, and metal fabrication activities.
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Effectively, all of the test beds in ICET’s test facility were fabricated and installed by the
machine and welding shops with help from in-house pipe fitting and construction personnel.
ICET also maintains drafting capability that supports all shop and testing activities. Default
software packages used for design and scheduling include AutoCAD and Microsoft Project.
Additionally, mechanical design support and assistance are available within the shop
organization.
3. Axial Flow Large-Scale HEPA Filter Test Stand
ASME AG-1 Section FC establishes requirements for axial-flow nuclear-grade HEPA filters.
These units come in a variety of sizes and ratings as summarized in Table FC-4110. The scope
of work of this project will include investigating the performance of the commonly used 24”x
24”x 11.5” deep pleated axial flow FC filters employing aluminum separators, string
separators, or dimple-pleat separators that have been embossed into the filter medium itself.
Additionally, filters may be tested at their rated flows including 1000 cfm, 1250 cfm, and 1500
cfm.
The Axial Flow Large-Scale HEPA Filter Test Stand (ALSTS) at ICET was built to support
previous radial flow filter testing; however, it has been reconfigured to allow for the testing of
24” x 24” x 11.5” axial flow filters. The performance requirements, flow path description, and
instrumentation and control documentation is detailed in the “Design Document for the Axial
Flow Large-Scale HEPA Filter Test Stand (ALSTS)” that is located in Appendix A. The status
of the ICET ALSTS will be displayed to indicate the operating status of the test stand.
Operating statuses may include the following categories:
•
•
•
•

Testing in Progress
System in Lockdown
Characterization Testing in Progress
Maintenance in Progress

a. M&TE
Due to the need for NQA-1 quality data, calibrations for all instrumentation used in this project
will be documented and performed by a qualified supplier of ICET. A full list of available
M&TE is maintained at ICET. The flow rate tolerance is ±10% actual cubic feet per minute
(acfm). The temperature tolerance is -0ºF, +5 ºF, and the RH tolerance is -0% RH, +5% RH.
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b. Aerosol Generation
A robust set of aerosol generators has been assembled in order to have the ability to vary
particle size distribution and number density concentrations of Particulate Matter (PM) used
as challenge agents in the ALSTS. ICET has the following means for introducing PM into the
test stand:
1.
2.
3.
4.
5.
5.
6.
7.

TSI 9306A Polydisperse PM Generator
TSI 3475 Monodisperse PM Generator
ATI Polystyrene Latex (PSL) Generator
ATI Dioctyl Phythalate (DOP) Generator
ATI Thermal DOP Generator
ICET Large-Scale Aerosol Generator
Laskin Nozzles
Powder Feeders

Ronald Unz will be responsible for the control, monitoring, and safe use of Sr-90 and other
radiation sources used for neutralizing aerosols. ICET’s use of radiation sources for the
project is covered by the MSU broad scope radioactive materials license (MS-EBL-02)
administered by the Mississippi State Department of Health, Radiological Safety Division.
Compliance with the broad scope license is monitored by the MSU Regulatory Compliance
Office. The MSU Radiation Safety Officer will assist in the security and monitoring of the
project’s radiation sources.
b.1.

Test Aerosol

DOP (liquid) has been traditionally specified as a test aerosol for determination of filter
efficiency (FE) by AG-1 Section FK-5120. DOP will be used to measure the FE at different
stages of testing.
c. Monitoring and Control Instrumentation
Table 1 outlines the ICET monitoring and control instrumentation available for use during
filter testing. All instrumentation that is used for reported data will be maintained with
Quality (Q) grade. Other instrumentation that is used for information purposes only may be
Commercial (CM) grade.
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Table 1. ICET Monitoring and Control Instrumentation
Parameter
Equipment
(1) Downstream Venturi-Absolute and Differential Pressure (InVolumetric Flow
duct)
(2) Mass Flow Transducer
(1) Standard Pitot Tube with Inclined/Vertical Manometer
Air Velocity
(Additional ICET Instrumentation)
(2) Velometer (Additional ICET Instrumentation)
(1) Standard and Type S Pitot Tubes with Inclined/Vertical
Manometer (Additional ICET Instrumentation)
Pressure
(2) Pressure Transducers (In-duct)
(3) Fortin type Mercury Barometer (Out of duct to record
barometric pressure at beginning and end of tests)
(1) Vaisala Humidity and Temperature Transmitter (In-duct)
(2) Fisherbrand Digital Hygrometer/Thermometer (Additional
ICET Instrumentation)
Temperature/ Air
(3) Bacharach Sling Psychrometer (Additional ICET
RH
Instrumentation)
(4) Wall Hygrometer (Additional ICET Instrumentation)
(5) Fisherbrand Dial Thermometer Hygrometer (Additional
ICET Instrumentation)
(6) Desiccant Air Dryer
ICET’s monitoring and control system for visual monitoring,
All
measurement, and system control
d. EPA Sampling Equipment
For gravimetric determination of concentration of PM in the gas stream, the following
equipment for EPA Reference Method 5 or 5i sampling is available:
1. Two APEX 522 Metering Consoles with Associated Stack Sampling Accessories
2. Mettler Toledo AT-261 Electronic Microbalance
3. Denver Instruments Company TR-4102 Top Loading Balance
4. Class U Masses for Performance Checks of Balances
5. Mitutoyo Digital Caliper
6. NIST Traceable Critical-flow Orifices
7. Dehumidifier for Maintaining Laboratory Room Air Conditions
8. Ionizing Unit for Static Control Inside Microbalance
9. Spot Ionizer for Static Control on Filter Assemblies
10. Particle Measurement System
Table 2 provides a list of ICET measurement instrumentation and specifications that are
available for use during filter testing.
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Table 2. Particle Measurement Instrumentation and Specifications
Particles/cc Particles/cc
Particle Size
Instrument
(min)
(max)
Distribution (µm)
TSI Model 3340 Laser Aerosol
<0.02
1.8x104
0.90–7.5
Spectrometer (LAS)
Diluters for LAS (100:1 x 2)
N/A
N/A
N/A
(for diluter characterization)
f. Additional Test Equipment
1.
2.
3.
4.
5.
6.
7.

Mitutoyo Digital calipers
Mettler Toledo Model SB32001 Top-Loading Balance
Sr-90 Neutralizer to be Designed by ICET for Neutralizing Particle Charge
Kr-85 Neutralizer (TSI) for Neutralizing PSL Spheres
Heater for Raising the Air Temperature to 177 °F
Anton-Parr Viscometer
Desiccant Dryers

g. Software
The following software will be used during this project. A software list documenting the
versions of software in use is kept on file and is available upon request. Each item in Table 3
utilizes a stand-alone computer.
Table 3. List of Software Applications
Instrumentation
LAS
ALSTS Data Reduction Computer

Software
LAS LabView Software
Microsoft Excel 2013

Software is approved and will be controlled in accordance with ICET quality procedures,
“Software Control” and/or “Automated Calculational Applications Software” (ICET-QA-036
and/or ICET-QA-038), prior to use. All personnel operating controlled software will be trained
to a level appropriate for its use. Microsoft Excel® will be used on a stand-alone computer for
data reduction. Wonderware ® software will be sourced to control the ALSTS.
Immediately upon completion of testing, all M&TE data will be exported to an external hard
drive. Data will be saved on internal server and backed up daily to an external server. Data will
be maintained on the M&TE computers and the external hard drive to meet back-up criteria
and ensure that data are not lost.
B. Health and Safety
The HASP for this study is found in Appendix C. The HASP outlines hazards associated with
this project, as well as the required Personal Protection Equipment (PPE) of personnel.
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C. Environmental Protection
1. Spills
Accidental spills will be cleaned up and disposed of properly according to all state and
federal regulations. Spills will be reported immediately to Ronald Unz for assistance in
selecting PPE and sorbents. Michael Parsons, MSU’s Director of EH&S, will be
notified if any spill has the potential for entering the environment in the event there are
reporting requirements.
2. Chemical Disposal
The Health and Safety Representative ensures proper collection and storage of hazardous
wastes consistent with MSU guidelines. Disposal is coordinated with the Environmental
Compliance Officer, Michael S. Parsons, CHHM, to ensure that hazardous wastes
generated during the HEPA project are disposed of according to MSU guidelines
applicable local, state, and federal regulations. The Resource Conservation and Recovery
Act (RCRA) hazardous wastes expected to be generated during this project include the
following:
Waste:
Acetone
1-Butanol
Dioctyl Phythalate

RCRA code:
U002
D001

3. Radioactive Materials Disposal/Decontamination of Equipment
The Health and Safety Representative in conjunction with the MSU Radiation Safety
Officer will provide weekly monitoring of test stands and their environments to detect
contamination. Appropriate surveys and smears will be conducted on the equipment to
determine whether decontamination or disposal is the appropriate mode of action, in the
unlikely event contamination occurs.
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III.

Proposed Test Matrices and Testing Methodology

A. Varying Pressure and Temperature Condition Testing
Testing for each filter will be performed at four different pressures to reflect the atmospheric
conditions at sea level, at the elevation corresponding to Los Alamos, NM, and two pressures in
between. Each filter will experience volumetric flow based on both actual and standard
conditions. Temperatures of 70°F, 110°F, 150°F, and 170°F will be implemented at each
pressure, resulting in thirty-two unique testing points for each filter. The fan will be adjusted to
maintain a constant ACFM, dependent on the filter rating, as pressure, temperature, and relative
humidity are varied. The corresponding SCFM can be computed at different pressure and
temperature conditions. The current ALSTS uses a venturi to control the flow rate through the
filters and the calculation method described in ASME MFC-3M-2004 [5] is implemented in the
control system to maintain constant ACFM at varying testing conditions. The filter pressure drop
and efficiency will be measured at each test condition. DOP will be used to measure the FE, and
a thermal aerosol generator will be used to eliminate useless, larger DOP particles. The test
instrument will be the LAS with upstream dilution.
In addition, a curve of filter pressure drop (dP) vs air flow rate (ACFM) at ambient conditions
will be generated to separate the filter design effects from temperature, relative humidity, and
pressure effects. The filter design will impact the pressure drop due to different fractions of
inertial flow with each filter design, e.g., mini-pleat filters would generally have a larger
contribution of inertial flow than deep-pleated filters.
B. Analysis to Determine Correction Factor
The experimental data will be used to develop correction factors for converting the experimental
efficiency and pressure drop data at the test conditions to the standard temperature and pressure
conditions. The correction factors will be based on the theory of filter efficiency and pressure
drop.
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C. Test Matrices
18 filters will be tested for this project. Table 4 provides filter information.
Table 4. Filter Inventory for ACFM vs. SCFM Testing

Table 5. Test Matrix for ACFM vs. SCFM Testing
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IV. Data Reduction
All computers used for data collection will be maintained offline during data reduction ensuring
that consistent versions of all software applications are utilized throughout testing. All data
collected will be downloaded and transferred to a central computer used for data reduction. This
computer will also be maintained offline during data reduction ensuring consistent versions of all
software utilized. Software verification and validation will be performed in accordance with
ICET quality procedure, “Automated Calculational Applications Software” (ICET-QA-038), on
this secure computer prior to any data reduction. Data reduction samples are maintained as a
part of the Automated Calculational Applications package, as defined in ICET-QA-038. Data
will be reduced to numeric tabulated data and graphical representations of data.

V. Reporting and Records
Utilizing the data collected for each filter tested, the following data sets will be reduced and
reported:
1.
2.
3.
4.
5.
6.

FE vs particle diameter at each test condition
FE for 300 nm diameter particles at each test condition
ACFM and SCFM values vs time
Inlet static pressure, Filter dP, Temperature (T), and RH vs time
Filter dP vs ACFM at ambient conditions
Correlation factors

Updates on testing progress will be provided to the TWG during routinely scheduled conference
calls. A draft report will be provided to the TWG. A written final report will be compiled and
submitted at the conclusion of testing. Records for this project will include the final report and
supporting appendices.
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1.0 PURPOSE
The purpose of this procedure is to characterize the TSI 3302A diluters used with the aerosol
instruments.
2.0 SCOPE
This procedure covers the steps involved in performing a diluter characterization with the
100:1 diluter used with the LAS.
3.0 TERMS / DEFINITIONS
3.1 DOP – Di-Octyl Phthalate
3.2 FI – ASME section FI metal media filters
3.3 HEPA – High efficiency particulate air
3.4 LAS – Laser Aerosol Spectrometer
3.5 SDS – Safety Data Sheet
3.6 SV – Sampling Valve
4.0 RESPONSIBILITIES
Staff with responsibilities for implementing this procedure are:
4.1Test Personnel
5.0 EQUIPMENT / MATERIALS
NOTE:
Measuring and Test Equipment (M&TE) used to collect data during performance of this
procedure is required to be within the current calibration cycle as evidenced by an affixed
calibration
label
and
be capable of the desired range.
5.1
TSI,
Inc.
LAS
5.2
TSI 3302A Diluter 100:1 (2)
5.3
TSI 6 Jet Laskin Nozzle Aerosol Generator
6.0 SAFETY AND ENVIRONMENTAL CONCERNS
6.1 Aerosol hazards are present in the high bay. Powdered aerosols, dust, test aerosols,
etc. Safety glasses are required in the high bay during testing.
6.2 Personal dosimeters are required for testing personnel in the high bay.
6.3 Steel toed boots or shoes are required for testing personnel working in the high bay.
6.4 Hearing protection is required if work is being performed with the impact wrench in
the high bay or if the fan on the resistance to liquid pressure test stand is in
operation.
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6.5 If the resistance to liquid to pressure test stand or the FI test stand are in use, hard
hats are required past the signage.
6.6 Di-octyl Phthalate (DOP) is considered a possible carcinogen. Read Safety Data
Sheet (SDS) and use caution when working with DOP. Wear safety glasses, lab
jacket, gloves and respirator when adding DOP liquid to the Aerosol generator, or
removing DOP waste.
7.0 PREREQUISTIES
7.1 All personnel must be trained and qualified in accordance with ICET-QA-001.
7.2 Test personnel shall be familiar with equipment/instrumentation instruction manuals.
7.3 Ensure readiness and operation procedures have been completed for all instruments
being used. (HEPA-M&TE-009)
7.4 Ensure the Appropriate Aerosol Generator is connected to test stand with an
appropriate amount of DOP in the generator.
8.0 PROCEDURE
Testing Personnel shall:
8.1 Perform Diluter Characterization with LAS.
8.1.1 Connect a 3-way, ball valve to the exhaust of the LAS, and install a
tube to exhaust the LAS downstream.
8.1.2 Install a 100:1 diluter not used for actual testing. This diluter acts
as the no-diluter case in typical characterization.
8.1.3 Turn on Test Stand and set to appropriate test flow.
8.1.4 The sampling system is made up of three 3-way, ball valves with
names SV-1, SV-2, and SV-3. The position of each valve is
determined by a black symbol marked on each valve. The sampling
configurations are determined by standing directly in front of the
sampling valves and Diluter/LAS setup and turning the valves until
the black symbol on each valve matches either ┬, ┴, ┤, or ├.
8.1.5 Sampling Configurations:
8.1.5.1 Sample Upstream
8.1.5.1.1 SV-1 ┬ for RLSTS or ┤ for ALSTS. Open to
Upstream and Diluter(s),
8.1.5.1.2 SV-2 ┤ Open to Diluters and Instruments
8.1.5.1.3 SV-3 ┬ Open to HEPA, Downstream, and
SV-2
8.1.5.1.4 Note in the lab notebook that the test stand
shall be set to Sampling Upstream (Ensure
sampling lines are connected properly for
sampling with no diluter)
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8.1.6
8.1.7

8.1.8

8.1.9

8.1.5.2 Purge Upstream
8.1.5.2.1 SV-1 ┤ for RLSTS or ├ for ALSTS. Open to
HEPA and Diluter(s).
8.1.5.2.2 SV-2 ┤ Open to Diluter(s) and Instruments
8.1.5.2.3 SV-3 ┤ Open to SV-2 and HEPA
Set up sampling lines to sample upstream with a single 100:1
diluter.
Set valve train to upstream sampling configuration and allow
enough samples to run to confirm that the background in the Test
Stand is representative of expected concentrations upstream. If
expected concentrations cannot be achieved check for leaks in the
system.
Turn on DOP aerosol generator and adjust number of jets and air
pressure until a concentration of 2000 particles/second (+/- 200) is
reached using the LAS. Set the LAS 1 bin ranging from 90 to 7500
nm and set sampling time to 10 seconds. The number of particles
per sample should be between 18,000 and 22,000. If the LAS
displays a high concentration warning, connect it to a HEPA
capsule and allow it to purge. Then continue lowering the
concentration until an appropriate level is reached. Once the
concentration is set stop the LAS and restart with Sampling set to
90-7500 nm and 99 bins with 75 second samples.
Ensure sampling valves are set to upstream sampling configuration
8.1.9.1 Collect aerosol concentration data at ambient conditions
(14.70 psi):
8.1.9.1.1 Set the flow meter to 4.95 SLPM and record
the ALPM reading.
8.1.9.1.1.1.1 At pressures lower than 14.7 psi, set
flow meter to match the ALPM
reading from ambient conditions.
8.1.9.1.2 Adjust the aerosol path dP gauge to the
calibrated reading.
8.1.9.1.3 Wait for characteristic sweep time (time for
change in aerosol concentration to reach 90%
value) before taking measurements.
8.1.9.1.4 Record time and instrument sample numbers
in the laboratory notebook.
8.1.9.1.5 Collect data for six LAS samples (75
sec/samples).
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8.1.9.1.6 Verify consecutive concentration samples are
similar or increase sample size.
8.1.10 Connect second 100:1 diluter to the test stand (this diluter is being
characterized).
8.1.10.1.1 Purge and verify that the LAS sampling lines
have near zero counts.
8.1.10.1.2 Set valve train to sample upstream.
8.1.10.1.3 Adjust the aerosol path dP gauge to the
calibrated reading.
8.1.10.1.4 Repeat step 8.1.9.1.
8.1.10.1.5 Purge and verify that the LAS sampling lines have near
zero counts.
8.1.10.1.6 Repeat step 8.1.9.1 but change the pressure within the
duct to 13.55 psi.
8.1.10.1.7 Repeat step 8.1.9.1 but change the pressure within the
duct to 12.40 psi.
8.1.10.1.8 Repeat step 8.1.9.1 but change the pressure within the
duct to 11.25 psi.
8.1.11 Repeat steps 8.1.9 through 8.1.13 but skip step 8.1.9.1.1.
8.1.11.1.1 Turn off aerosol generator.
8.1.11.1.2 Turn off LAS.
8.1.11.1.3 Turn off test stand.
9.0 RECORDS
All records are considered quality records and shall be maintained and submitted to project
records in accordance with ICET-QA-010, Quality Assurance Records:
The records produced by this procedure include the following:
9.1
Test Notebook
10.0 REFERENCES
10.1
ICET-QA-010, Quality Assurance Records
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1.0 PURPOSE
The purpose of this procedure is to ensure ICET personnel follow steps necessary to operate
the Axial Flow Large Scale Test Stand (ALSTS) at target specified conditions.

2.0 SCOPE
This procedure covers the steps involved in filter efficiency testing at atmospheric and
elevated test stand conditions.

3.0 TERMS / DEFINITIONS
3.1 ALSTS – Axial Flow Large Scale Test Stand
3.2 DAQ – Data Acquisition System
3.3 dP – Differential Pressure
3.4 FE – Filtering Efficiency
3.5 FI – Metal Media Filters
3.6 FPM – Feet per minute
3.7 ID – Identity
3.8 in. w. c. – inches water column
3.9 M&TE – Measuring and Test Equipment
3.10 Q – Volumetric Flow Rate
3.11 RH – Relative Humidity
3.12 T – Temperature
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4.0 RESPONSIBILITIES
Staff with responsibilities in implementing this procedure are:
4.1 Test Stand Operator(s)/Test Personnel
5.0 EQUIPMENT
NOTE:
Measuring and Test Equipment (M&TE) used to collect data during performance of this
procedure is required to be within the current calibration cycle as evidenced by an affixed
calibration label and be capable of the desired range.
5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10

ALSTS Control Panel
Steam Boiler
Steam Injector Valve
Keysight 34972A LXI Data Acquisition/Switch Unit (DAQ)
SD memory card
dP gauges
RH and Temperature probes and transmitters
Static pressure transmitter
Spool piece ducting
Impact wrench

6.0 SAFETY AND ENVIRONMENTAL CONCERNS
6.1 Aerosol hazards are present in the high bay. Aerosols including powder, dust,
liquids, etc are used. Safety glasses are required in the high bay.
6.2 Personal dosimeters are required for testing personnel in the high bay.
6.3 Steel toed boots or shoes are required for testing personnel working in the high bay.
6.4 Hearing protection is required if work is being performed with the impact wrench in
the high bay or if the fan on the Resistance to Liquid Pressure Test Stand is in
operation.
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If the RLPTS or the FI test stand are in use, hard hats are required past the signage.
There are several hot surface areas near and around the boiler, including sections
and piping of the boiler. Hot surface signs have been posted on the boiler and
piping and are to be observed.
Work gloves are required while working around the boiler.
When the test stand temperature is elevated, the surface of the test stand may pose a
burn hazard. Testing personnel should avoid making bare skin contact with the
downstream duct work that is not insulated.
A spool piece that connects the interior and exterior, upstream duct work of the
ALSTS is required to be installed prior to testing at elevated conditions. The
installation of the spool piece also requires use of an impact wrench. Work gloves,
steel toed boots, and ear protection are required to be worn while this is done.

7.0 PREREQUISITES
7.1 All personnel operating the ALSTS and instrumentation contained therein must be
trained in accordance with ICET-QA-001.
7.2 Testing personnel shall be trained with equipment and the boiler startup procedure,
HEPA-M&TE-014.
7.3 Ensure Aerosol Instrumentation Readiness and Operation Procedure for the LAS
have been completed (HEPA-M&TE-009).
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8.0 PROCEDURE
Note: Performance of procedures is recorded with test notebooks. Test stand conditions
data are recorded with a Data Acquisition unit, and aerosol data are recorded with
instrumentation used on the test stand.

The test stand operator shall:
8.1
8.2

Complete readiness of operation procedure on required instrumentation (HEPAM&TE-009).
If the ALSTS is not already altered for the ACFM/SCFM testing, make the
following changes:
8.2.1 Pressure Sensors
8.2.1.1 Attach upstream dP hose to Low side of the 100inWC dP gauge
8.2.1.2 Allow the High side of the 100inWC dP gauge to be open to the
atmosphere
8.2.1.3 Attach downstream dP hose to Low side of the 10inWC dP gauge
8.2.1.4 Attach upstream dP hose to High side of the 10inWC dP gauge
8.2.2 Update ALSTS Code
8.2.2.1 Contact System Engineer (Jay McCown) to change the code to
include the 100inWC dP sensor in the test stand calculations.
8.2.3 Attach a valve to the exhaust of the LAS and exhaust the LAS into the
downstream section of the test stand.
8.2.4 The Laskin Nozzle generator is used for these tests
8.2.4.1 Install the exhaust pipe with holes.
8.2.4.1.1 Cover holes to restrict DOP from exhausting into the
room if needed.
8.2.5 Record the following information:
8.2.5.1 Type of filter
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8.2.5.2 Serial/ID number of filter being tested
8.2.5.3 Time and date
8.2.5.4 Run ID number
8.2.5.5 Rated filter CFM
8.2.6 Verify that the valve on the pressure plate is open.
8.2.7 Verify that the test stand is not recirculating air at the beginning of the
test.
Verify the 100:1 diluter is characterized monthly by following the diluter
characterization procedure specific to the ACFM vs. SCFM project (HEPA-M&TE023)
Prepare test stand for testing
8.4.1 Ensure that Strontium 90 sources have been removed (HEPA-ALSTS003).
8.4.2 Perform Boiler Start up procedure (HEPA-M&TE-014).
8.4.3 Ensure memory device is connected to the DAQ.
8.4.4 Adjust the DAQ time recording interval to 15 seconds.
8.4.5 Start data recording on DAQ.
Perform test stand startup (HEPA-ALSTS-001).
8.5.1 Perform filter installation procedure (HEPA-ALSTS-004).
8.5.2 Turn on test stand blower and set the flow rate to specified flow.
8.5.2.1 Depending on the test, the volumetric flow rate may be controlled
based on ACFM or SCFM.
8.5.2.1.1 For ACFM tests, the volumetric flow will be controlled
by the volumetric flow input.
8.5.2.1.2 For SCFM tests, the volumetric flow will be controlled
by the blower frequency input.
Adjust the valve on the pressure plate to reach the desired operating pressure.
Adjust test stand conditions to target air temperature using the ALSTS control
panel.
8.7.1 Record changes in temperature every 10 minutes or as needed.
Perform the Filtering Efficiency (FE) test with DOP
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8.8.1 FE at Specified Flow Rate (as specified in the Test Plan Document)
8.8.1.1 Ensure test stand it at to specified flow rate.
8.8.1.2 Adjust the sampling train to sample upstream and set the
volumetric flow to 4.95 SLPM for atmospheric pressure test
points and record the ALPM reading in the lab notebook.
8.8.1.2.1 At decreased pressure points, set the SLPM volumetric
flow to match the ALPM reading from step 8.8.1.2.
8.8.1.3 Activate DOP aerosol generator.
8.8.1.4 Set LAS to 1 bin and 90 to 1000 nm to check the particle count
with 10 second sample time.
8.8.1.5 Set sampling valves to upstream sampling configuration.
8.8.1.6 Adjust the DOP concentration until the LAS has 2,000 counts per
second ± 200 counts per second (20,000 particles per 10 second
sample).
8.8.1.7 Set LAS to 99 bins, 90 to 1000 nm particle size range, and 1
minute 15 second sample time.
8.8.1.8 Start aerosol instrumentation software.
8.8.1.9 Ensure sampling valves are set to upstream sampling
configuration.
8.8.1.10 Collect aerosol concentration data:
8.8.1.10.1 Wait for characteristic sweep time (time for change in
aerosol concentration to reach 90% value) before taking
measurements.
8.8.1.10.2 Collect instrument data:
8.8.1.10.2.1 Three samples for LAS (75 sec/sample).
8.8.1.10.3 Verify consecutive concentration samples are similar or
increase sample size.
8.8.1.10.4 Record in the laboratory notebook LAS.
8.8.1.10.5 Also record the time, flow rate, flow rates/atmospheric
pressure on mass flow controller, and the DAQ values
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for dP, temperature, and relative humidity at start of
data collection.
8.8.1.11 Set the valve train to purge the upstream sampling lines until the
LAS reads zero particles.
8.8.1.12 Set sampling valves to downstream sampling configuration.
8.8.1.13 Repeat step 8.8.1.10.
8.8.1.14 Deactivate DOP generator.
8.8.1.15 Set the valve train to purge the upstream sampling lines until the
LAS reads zero particles.
8.8.1.16 Set sampling valve to downstream sampling configuration.
8.8.1.17 Repeat step 8.8.1.10 to collect downstream background data.
8.8.1.18 Stop LAS software.
8.8.2 Every 10 minutes, record the filter’s dP and test stand conditions. Also,
empty the drain pots attached to the test stand to remove excess moisture.
8.9 Repeat steps 8.6-8.8.2 until each test point in completed (refer to the test plan
document for all test points).
8.9.1 First, hold temperature constant and vary the test stand pressure until each
pressure is completed.
8.9.1.1 Example: T1-P1 => T1-P2 => T1-P3 => T1-P4
8.9.2 Next, adjust the temperature and repeat the tests from each pressure.
8.9.2.1 At elevated temperatures, partial recirculation of the test stand is
required to reach each test point.
8.9.2.1.1 Adjust the valves controlling the air recirculation to
partially recirculate the test stand (typically position 3
to atmosphere and position 7 to test stand).
8.9.3 If the volumetric flow was first controlled based on ACFM, repeat each
test condition while controlling the volumetric flow based on SCFM.
8.10 Turn off the blower from the control panel.
8.11 Turn off the heating element from the control panel and cool the test stand to
ambient conditions.
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8.12 Once testing is completed, reconfigure the test stand to original setup for normal
testing.
9.0 RECORDS
All records are considered quality records and shall be maintained and submitted to project
records in accordance with ICET-QA-010, Quality Assurance Records.
The records included in this procedure include the following:
9.1 Laboratory notebook

10.0 REFERENCES
10.1 ICET-QA-010, Quality Assurance Records
10.2 HEPA-ALSTS-001, Axial Flow Large-Scale Filter Test Stand Startup and
Shutdown Procedure
10.3 HEPA-ALSTS-003, Axial Flow Large Scale Test Stand Strontium-90 Source
Insertion and Removal Procedure
10.4 HEPA-ALSTS-004, Filter Installation and Removal to the Axial Flow Large Scale
Test Stand Procedure
10.5 HEPA-ALSTS-012, ALSTS Filtering Efficiency
10.6 HEPA-M&TE-014, Boiler Startup Procedure
10.7 HEPA-M&TE-023, Diluter Characterization for ACFM vs. SCFM Testing
10.8 HEPA-M&TE-009, LAS R&O
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